Further analysis of the quantum critical point of Cei_a;Laa;Ru2Si2 
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New data on the spin dynamics and the magnetic order of Cei_a;Laa;Ru2Si2 are presented. The 
importance of the Kondo effect at the quantum critical point of this system is emphasized from the 
behaviour of the relaxation rate at high temperature and from the variation of the ordered moment 
with respect to the one of the Neel temperature for various x. 
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INTRODUCTION 

Recent leading topics in heavy fermion (HF) com- 
pounds physics are unconventional superconductivity 
and marginal Fermi liquid behaviour. Since these phe- 
nomena often occur in the vicinity of a magnetic insta- 
bility, the concept of quantum phase transition has at- 
tracted a lot of attention both on experimental [H, Q and 
theoretical 0, Q sides. Such a transition between a 
magnetically ordered state and a paramagnetic state oc- 
curs at T=0 K for a critical value, Tc, of a non thermal 
tuning parameter r (r being experimentally controlled by 
pressure, alloying or magnetic field). The T=0 K, r—rc 
point of the phase diagram is called the quantum crit- 
ical point (QCP). Inelastic neutron scattering (INS) is 
a key probe to study spin fluctuations at a QCP in or- 
der to know to which extend the characteristics of the 
dynamical spin susceptibility can explain the anomalous 
bulk properties of these materials. Peculiar behavior is 
expected because statics and dynamics are inextricably 
mixed at T—0 K. As a consequence, the effective dimen- 
sion of the system deff equals d + z, where d is the space 
dimension and z is the dynamical exponent [iQ- This 
implies that a quantum critical system is in better po- 
sition to be above the upper critical dimension than a 
classical one. Thus a mean field behavior is therefore ex- 
pected at the QCP. While many INS studies have been 
performed near the QCP, only a few works were exten- 
sively performed on single crystal samples where the full 
wavewector (q) dependence can be investigated. Such 
studies concern CeCug doped with Au (Karlsruhe group) , 
CeRu2Si2 doped with La (Grenoble group) and doped 
with Rh (Tokyo-Osaka group). 

For the system Cei_a;Laa;Ru2Si2, large single crystals 
of good quality are available for several concentrations 
X [8|. The three dimensional Ising compound CeRu2Si2 
is an archetypal HF system with a Pauli paramag- 
netic ground state. Strong correlations between lattice. 



electronic and magnetic properties are evidenced under 
magnetic field where pseudo-metamagnetic transition oc- 
curs at Hm=7.8 T and also upon doping where magnetic 
long range order (LRO) sets in. For Cei_2:La2:Ru2Si2, a 
QCP is reached at a;c=0.075 that separates a paramag- 
netic ground sta te ( x < Xc) with dynamical short range 
correlations [ll| from an antiferromagnetic ground 
state {x > Xc) with the incommensurate propagation vec- 
tor ki = (0.31, 0, 0) and the magnetic moments along the 
tetragonal c-axis 12 1. 

In the present paper, we review recent works performed 
on this system and give complimentary results obtained 
on several concentrations a;=0, 0.065 and 0.075 concern- 
ing both the statics and the dynamics in order to tighten 
the conclusions previously obtained. Data analysis is dis- 
cussed in the viewpoint of basic properties of the dynam- 
ical spin susceptibility and with a minimum reference to 
a specific lineshape or a specific theory. The scaling ap- 
proach that was highly developped in recent years is also 
discussed. 



SOFTENING OF THE SPIN FLUCTUATIONS 

The important contribution of INS in magnetism stems 
from the fact that the scattered neutron intensity, for a 
given wavevector q and a given enery w, is proportional to 
the scattering function S'(q, uj), from which the imaginary 
part of the dynamical spin susceptibilty x" (Qj t^) is easily 
deduced using the fluctuation-dissipation theorem : 
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While the main features of the excitation spectrum of the 
paramagnetic phase of Cei_2;Laa;Ru2Si2 are known for 
two decades [lOl , recent progresses in INS intrumentation 
(with consequences in data collection r ate) allow to map 
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details of the spin dynamics for a:=0 [ll| and a;=0.075 
[ist . The softening of the spin fluctuations between x—0 
and a;=0.075 was reported a decade ago [l4i as well as 
on applying pressure starting from 2:=0.13 [l5|. The mi- 
croscopic parameters extracted from the dynamical spin 
susceptibility were used as an input to describe [l6l | the 
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FIG. 1: Imaginary part of the dynamical spin susceptibility 
obtained from INS spectra measured at ki at r=180 mK for 
CeRu2Si2 and T—40 mK, 2.3 K for Ceo.925Lao.o725Ru2Si2. 



bulk properties of these compounds with the spin fluctu- 
ations theory of Moriya [l^ . The imaginary part of the 
dynamical spin susceptibility, x"(q5w), is shown in Fig.l 
for x=0 at 180 mK and a;=0.075 at 40 mK and 2.3 K, 
for the momentum transfer Q=(0.69, 1, 0) corresponding 
to the wavevector ki where LRO sets in for x>Xc- The 
relaxation behaviour of x" (Qj '-^) for these compounds is 



well described by a Lorentzian lineshape [18|. No ab- 
solute calibration of the intensity is made and the data 
are normalized to each other at high energy, with the 
hand-waving argument that the spin dynamics at high 
energy is, at first approximation, independent of T and 
X. For x=0, the maximum {u>max in Fig.l) of x"(q, 
is well observed in the experimental window limited by 
the instrumental resolution (here to cj > 0.25 meV). On 
the other hand, for the critical concentration Xc=0.075, 
only the fall off of x" (q, oj) is measurable (data with bet- 
ter resolution are shown in Ref.[l^ but do not allow to 
reach LOmax either). This experimental difhculty is a gen- 
eral aspect of the measurement of a critical dynamical 
spin susceptibility at low temperature by INS (on the 
contrary NMR gives access to the initial slope for uj — > 
0). Comparative data similar to the ones shown in Fig.l 
are also available for CeCug^xAu^r for x—0 and the crit- 
ical concentration Xc—0.1 (see inset of Fig. 4 of Ref.[l^). 
Study of the spin dynamics of Ce(Rui_2,Fea;)2Ge2 (poly- 
crystalline samples) for several a:=0.65, 0.76, 0.87 around 
the QCP also put in perspective the interest of such a 
comparison [20|. 

On general ground, x" (Qi ^) must go to zero for large 
u; and is also an odd function of w. As a consequence, 
there will always be a maximum of x" (Qi ^) at a given 
value uJmax and this whatever the shape of x" (q, w) (For 
a Lorentzian shape, oomax = F where F is the relaxation 
rate). Such a peak that does not correspond to a pole of 



the susceptibility is sometime referred to the paramagnon 
peak [2l|. The energy uJmax characterizes the crossover 
between low and high frequency dynamics for gapless sys- 
tems 0] • Its determination is thus somehow not unique ; 
it leads to several possible data analysis However, it 
provides an energy scale for the system at a given reduced 
wavevector q and temperature T. In the general case, we 
can write ujmax{(\, T) = oJmaxici, 0)-|-aqT'^q. For a given 
k, the case u)max()^,^) ^0, /3k =1 corresponds to a so- 
called scaling in oj /T of the dynamical spin susceptibility. 
Such a case is often referred to be characteristic of quan- 
tum critical scenario, where there is no other energy scale 
than the temperature itself at the QCP 0, 0] • A detailed 
experimental illustration of such a behavior is provided 
by INS studies on the compound CeCus.gAug.i [22]. The 
observation oiujjT scaling below about 5 K in this com- 
pound is however suprising since it is not expected for 
the QCP of a three dimensional itinerant antiferromagnet 
that lies above the upper critical dimension. This experi- 
mental result led to the developement of a new scenario of 
quantum criticality, the so-called local scenario 23|, |2^ , 
where the local term stems from the experimental fact 
that the temperature dependence of the q dependent sus- 
ceptibility x'(q, T") does not depend on q (and also /3q 
is independent of q). This is in contrast with itinerant 
magnetism, for which it is well known that the bulk sus- 
ceptibility and the staggered susceptibility have different 
temperature variations at low temperature 17|, |2l| . The 
expected relaxational behaviour for a three dimensional 
itinerant quantum critical antiferromagnet was measured 
byKadowakiet al. [25*1 in Ce(Rui_^Rh^)2Si2 (a;=0, 0.03) 
at the wavevector of instability k3=(0, 0, 0.35), where the 
expected value /3k3=3/2 is found below approximately 15 
K . A possible explanation for the distinct behaviour at 
the QCP of CeRu2Si2 and CeCue is the different values of 
the Kondo temperature, being 5-10 times less in CeCue 
(See e.g. Table 1 of Ref.[i3]). This asks for very low 
temperature measurement for CeCus.gAug.i in order to 
compare the same temperature regime than in CeRu2Si2- 
based systems Higher temperature relaxation was 

measured in Cei_a;Laa;Ru2Si2 at Xc in a temperature 
range (2.5 - 80 K), where r(q) oiT^-^. A value /3ki=0.8 
± 0.05 was found for ki while a lower value of 0.6 ± 0.2 
was found for a wavevector away from the critical value, 
where Kondo-like fluctuations are expected. In stark con- 
trast, studies on the related system Ce(Rui_2:Fea;)2Ge2 
found /3q=l for every q with a behaviour that is neither 
explained by the local scenario nor by the itinerant sce- 
nario [1^. 

Intersite correlations are at the center of magnetic 
phase transitions (as far as LRO is concerned as opposed 
to e.g. spin-glass ground state). The discussion of the 
characteristic lenght scale (the inverse correlation length, 
k) follows similarly to the discussion of the characteris- 
tic energy scale. Both quantities are in principle related 
by the dynamical exponent z with F oc k^. While z is 
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FIG. 2; Relaxation rate F as a function of the inverse corre- 
lation length K of Ceo.925Lao.o725Ru2Si2. The line is a fit to 
F=aK^ 



important for the dynamics of a classical phase transi- 
tion [2^, its importance for a quantum phase transition 
is already at the level of statics, since it increases the di- 
mension of the system from d to deff. F as a function of n 
is shown in Fig. 2 for Ceo.925Lao.o75Ru2Si2, temperature 
being an implicit parameter. By forcing the condition 
F=0 for K—0, we obtained the value 2=2 (the result of 
the fit being z=2.1± 0.2), as expected for an itinerant 
antiferromagnet. In such a plot, F is obtained by the fit 
of an energy spectrum as in Fig.l for several tempera- 
tures, while K is obtained by fitting consistently many q 
scans performed at constant energy (as the one shown in 
Fig. 6 of Ref.(14j). While the exponent z is at the heart 
of quantum criticality, we are paradoxically not aware of 
any plot as the one shown in Fig. 2 for other HF systems. 

In the Cei_2;La2;Ru2Si2 system, the softening at Xc is 
not complete since the relaxation rate is finite for T 
and q = ki 14, This is seen in Fig.l where the 
data obtained at Xc for 40 mK and 2.3 K are almost 
identical. For this reason and also because a tiny static 
ordered moment appears a,t x = Xc (see next section), the 
present system does not provide, at first sight, a "text- 
book" example of quantum criticality. Possible expla- 
nations for such deviation are that the transition is first 
order or that other degrees of freedom must be taken into 
account. The former possibility includes scenarii based 
on the rich physics of local defects in quantum critical 
systems 27|. The latter possibility occurs for example 
in the "textbook" quantum critical compound LiHoF4, 
where the expected mode softening does not occur and 
is " masked" by hyperfine coupling [28| . However a study 



of the behavior of the spin dynamics at high temperature 
enough will provide relevant information on the so-called 
quantum critical region, whatever the exact position in x 
[3|. This is due to the presence, in the {T,x) phase dia- 
gram, of two crossover temperatures Tj and T// between 



the quantum disordered regime (T<Tj) and the quan- 
tum critical regime {T>Tji) 0, Q. For heavy fermion 
systems, the Tj line corresponds to the coherence temper- 
ature below which a Fermi liquid ground state is formed. 
Above T/, thermal effects arise as perturbations while the 
regime above T// is completly controlled by the temper- 
ature. For a three dimensional itinerant antiferromag- 
net, the crossover temperatures follow Tj oc [xc — x) and 
T// cx {xc — x)'^!'^ . These crossover temperatures can be 
determined by measuring the temperature dependence of 
different macrocopic quantities like the specific heat, the 
resistivity and the susceptibility or of microcopic quan- 
tities like the dynamical spin susceptibility and by sepa- 
rating, with choosen criterions, the temperature indepen- 
dent, weakly-temperature dependent and strongly tem- 
perature dependent regimes. Measurements at Xc (where 
T/=0 and T//=0) down to T=0 K will have similar char- 
acteristic exponents than measurements performed for 
x>Xc and T>Tii. For this reason, analysis of the spin 
fluctuations of CeRu2Si2 system is sound in the context 
of quantum criticality. This is emphasized by the fact 
that the theory of Moriya allows to describe consistently 
the spin dynamics and the thermodynamic properties of 
this system [l3| and by the recent observation of the char- 
acteristic relaxation rate in T'^l'^ for several x near the 
QCP[23. 



FROM TINY TO LARGE MOMENTS 

A small moment ordered phase is reported for the crit- 
ical concentration Xc=0.075 lj| with the same ordering 
vector than the LRO phase and with mo=0.02 [Ib , Tn— 
1.8 K and a finite correlation length of about 200 A. In 
comparison with a;=0.08, the Neel temperature is simi- 
lar but the moment is one order of magnitude smaller. 
For x=0, /zSR reports a static moment of 10~^ \ib below 
2 K [2^. Thus, tiny ordered moments are detected be- 
low Xc with however a clear finite correlation length. To 
further study this phase, a composition a:=0.065 slightly 
below Xc was investigated. The development of a small 
moment starts around the same temperature 4-5 K than 
the sample with x=0.075. This is shown in Fig. 3. The 
left panel shows the elastic peak at 2.7 K as compared 
to the background at 12 K and the right panel shows the 
temperature dependence of the maximum intensity. The 
peak measured here, although static, has a finite corre- 
lation length of 74 A (17 Ce-Ce interspacing) at 2.7 K. 
The signal is proportional to the volume of the sample (as 
checked by masking several parts) excluding thus macro- 
scopic millimetric heterogeneities. Experiments at lower 
temperature are needed to further investigate the growth 
of this moment on decreasing temperature in order to de- 
termine Tjv and toq: a-s was done for x=0.075. The mag- 
nitude of the magnetic moment at 2.7 K is of about the 
same as in the compound at Xc- The intrinsic origin of 
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FIG. 3; Left : Constant energy scans performed at ll}=0 meV 
for r=2.7 K and 12 K for Ceo.935Lao.o65Ru2Si2. Right : Tem- 
perature dependence of the elastic intensity at Q=(0.69, 1, 0). 




small moment antiferromagnetism (SMAF) is open (See 
Ref. [30]). Difficult experimental investigations are re- 
quired. The difficult point is the extreme sensitivity on 
the pressure and the uniaxial stress close to the QCP. 
Near defects as dislocations or stacking faults, pressure 
gradients of kilobar can occur and thus may smear out 
the real QCP. An illustrative example is that of URu2Si2, 
where l ong standing debates have been made on the in- 



31| or extrinsic nature of SMAF [33, l33| at low 



trmsic 
pressure. 

For X > Xc, LRO develops [12]. Spin fluctuations 
theory that describes fairly well the spin dynamics of 
CeRu2Si2-based alloys (ll. IgI . 2^ is less sucessfull to de- 
scribe the static properties, in particular the variations 
of the T—0 K ordered magnetic moment, mg, and of 
the Neel temperature with x, that are expected to fol- 
low mo on (x — XcV^^ and respectively Tn oc (a; — Xc)'^^'^ 
(See data in Ref.[lJ]). As a consequence, the following 
relation is expected : mo oc T'^^'^. Figure 4 shows mo as 
a function of T^. The full circles correspond to differ- 
ent X (0.08, 0.1, 0.13, 0.20) and the empty circles corre- 
spond to data obtained by applying hydrostatic pressure 
on the a;=0.2 sample [34|. Large uncertainties in the Neel 
temperature are due to rounding of the transitions [l^ . 
Clearly the spin fluctuations prediction, mo oc T^^^ 



IS 



not followed. One interpretation is that the feedback ef- 
fect of the Kondo screening on the magnetic ordering is 
not well taken into account (In this theory, the Kondo ef- 
fect is phenomenologically taken at the first step only as 
a relaxation mechanism 17|.). A simple analysis of the 
reduction of an ordered magnetic moment in presence of 
the Kondo effect was put forward in a study on CePd2Si2 
[3^ leading to the following relation : 



mo = m-\/l — tanh{A/{2TN))- 



(2) 



Such a formula is aiming to reproduce the fact that 
the Kondo effect realizes a singlet by splitting a mag- 
netic Kramers doublet (of paramagnetic moment m) by 
an amount A « UbTk- The line in Fig 4 corresponds 
to a fit to (1) and gives m=1.6 (0.3) and A= 9 (2) 
K. Given the crude model, such values correspond fairly 



FIG. 4: r=0 K ordered magnetic moment, mo, as a function 
of the Neel temperature for Cei_2,Laa;Ru2Si2. Full circles are 
data for a;=0.08, 0.1, 0.13, 0.20 and empty circles are data for 
a;=0.2 under pressure. The Line is a fit as explained in the 
text. The inset shows the same curve for CeRh2Si2. 



well to the crystal field ground state magnetic moment 
of the CeRu2Si2 (2 ^b) and the average Kondo temper- 
ature of 15 K over the serie. In such a picture, a large 
Kondo temperature will lead to the possibility of having 
small moments with large Neel temperatures. However 
the SMAF found for x=0 and x=0.075 cannot clearly fit 
in this picture and needs another mechanism. On the 
contrary, the change of behavior from large to small mo- 
ment pointed forward for CeRh2Si2 under pressure [3^ 
can be, to this respect, understood from (1) given the 
large Kondo temperature of this compound of about 50 
K. This is shown in the inset of Fig. 4 where the data of 
Refjl^ are fitted by (1) giving m=1.8 (0.1) ^iB and A= 
55 (3) K. Here again the pertinence of the obtained pa- 
rameters is suprising for a such rough phenomenological 
model. 



BEHAVIOUR AWAY FROM QCP 

In Ref.fis'], it was found that the dynamical spin 
susceptibility of Ceo.925Lao.o75Ru2Si2 follows, for the 
wavevector of instability ki and for 2.5 K < T < 80 
K, the scaling law : 



rx"(ki,u;)=Ci/(c./Tn 



(3) 



This scaling does not hold away from ki. For the mo- 
mentum transfer Q=(0.44, 1, 0) (that will be referred 
as wavevector qo in the following), it is found that 
r(qo,r) oc rO-6±o.2^ ^Iso the characteristic energy scale 
at this wavevector, r(qg, 0), is about 7 times higher than 
the one at ki , so that a sound study will need to achieve 
temperature for which higher energy levels may be in- 
volved (typically crystal field like excitation) and will in- 
terfere with the ground state behavior. As a consequence 
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FIG. 6: Temperature variation of the relaxation rate and 
of the q-dependent static susceptibility for ki (left) and qo 
(right) for CeRu2Si2. Lines correspond to adjustments with 
(4) and (5). 



FIG. 5: INS spectra obtained of CeRu2Si2 for ki (a) and qo 
(b) and corresponding imaginary part of the dynamical spin 
susceptibility (c) and (d) for 1.5 K <T< 80 K. 



scaling behavior cannot be put in perspective for this q 
(See Ref.[l3| for further details). An important question 
to address is to which respect this behavior is peculiar 
to the QCP. Thus, new experiments on CeRu2Si2 were 
undertaken 37 1 in the spirit of the work of Ref. [l^ , that 
is by exploring the dynamical spin susceptibility in wide 
Lu and T ranges. Bare data of 5'(q, uj) and x" (q, 1^) are 
shown in Fig. 5 for the critical wavevector ki and for the 
wavevector qo for 2.5 K <T< 80 K. This is to be com- 
pared to Fig. 2 of Ref. [ist . At low temperature, the signal 
is stronger at the vector ki and this difference in inten- 
sity between the two vectors progressively decreases and 
vanishes at Tcorr ~ 80 K, when correlations disappear. 
The data analysis is the same as in Ref. [Till . The corre- 
sponding parameters extracted from a fit to a Lorentzian 
are shown in Fig. 6 on the left panel for ki and on the 
right panel for qg. For both q values, strong temperature 
dependence of y'(q, T) (x'(q, T) is obtained by Kramers 
Kronig relation [l8j) and r(q, T) is found with power law 
behaviour for T > Tq : 



x'(q,T)-Cq/T"- 



r(q,r) = aqr''q 



(4) 



(5) 



with rki=9 ± 1 K , aki = l ± 0.1, /3ki=0.7 ± 0.2 and 
Tq^^ 22 ± 2 K, aq^^l ± 0.1, /3qo=0.6 ± 0.2. 

For the same reasons as the one discussed above for 
the wavevector qo for x — Xc, scaling cannot be rea- 
sonably discussed from these data obtained for x~0 at 
both ki and qo. For each q, sublinear T-dependence 
of r(q, T) seems to be characteristic of the system 
Cei_a;Laa;Ru2Si2. For x~0, the q dependence of /3q is 
not as obvious as in the sample at the critical concen- 
tration and cannot be discussed here due to the weaker 



TABLE I: Characteristic temperature Tq and exponents Oq 
and I3q of power law dependence of x'i'itT) and r(q, T) 
for the compounds Ceo.925Lao.o75Ru2Si2 and CeRu2Si2 at 
wavevector ki, qo and q = 0. 





Ceo.925Lao.075Ru2Si2 




CcRu2Si2 






ki 


qo 


q = * 


ki 


qo 


q = * 




2.5 ± 0.5 K 


18 ± 1 K 


16 ± 1 K 


9 ± 1 K 


22 ± 2 K 


28 ± 2 K 




1 ±0.05 


1 ±0.1 


1 


1±0.1 


1±0.1 


1 


/3q 


0.8 ±0.05 


0.6 ±0.2 




0.7 ±0.2 


0.6 ±0.2 





after Xbulk 

(T) from Ref. ^ 



signal and the large error bars for (3q. The different ex- 
ponents and characteristic temperatures obtained for dif- 
ferent q for a;=0 and a;=0.075 are summarized in Table 
1. The systematics indicates that : for each x and q, 
there is a weakly temperature dependent regime below 
Tq where r(q,T) Tq and x'in,T) cte. Normaliza- 
tion at high temperature with the the bulk susceptibility 
indicates that rqx'(q, T) « 1 K.emu.mol"^ for each x 
and q. Above Tq, laws corresponding to (3) and (4) 
are found. In particular, x'il^T) oc 1/T for any x and 
q, this latter law being also found for the bulk suscep- 
tibility 



18l . |37| . On another hand, the exponent /3q is 



distinctly higher for Xc and ki than for the other cases 
with /3ki=0.8 ±0.05. This could lead support to the idea 
that getting away from the QCP with varying x at ki or 
with varying q at Xc is somehow equivalent. This idea 
was also put forward for Ce(Rui_2:Fe2,)2Si2 [I^l. The dis- 
cussion of the weakly temperature dependent regime (T 
< Tq) requires excellent statistics to point out the char- 
acteritics of the quantum critical regime. As pointed out 
before, this aim was realized in Ce(Rui_2.Rh2:)2Si2 (a;=0, 
0.03) 



6 



SCALING ANALYSIS 

The experimental limitation on the access of the low 
energy part of x" (q, w), as discussed in the first part, im- 
plies to our opinion that the discussion of the lineshape of 
the spectra is very difficult, at least at the lowest temper- 
ature. Instead of analyzing each spectra as done above, 
it has been fashionable to study the data collapse as a 
function of a single variable, being generally uj/T^ and 
to address the question of the lineshape after perform- 
ing this global analysis. The limit of this latter approach 
was evidenced in Ref.js^ in which several possible scal- 
ings are shown for the same given data set. We shall 
further comment the scaling approach here by compar- 
ing cases available in the literature. Beyond the cases al- 
ready quoted, scaling of the dynamical spin suceptib ility 
was also reported for UCus-^Pd^;'!^, Sci-^U.^Pds [ilf . 
Ce(Rho.8Pdo.2)Sb 42] and (Ceo.7Tho.3)RhSb0. Beside 
cerium and uranium based HF, recent INS studies per- 
formed on single crystals of La2Cu04-based systems also 
discuss the scalin g be havior in uj /T of the dynamical spin 
susceptibility [idliil. 

We are interested here in the general notion of QCP 
and the possibility of w/T scaling irrespective of the dif- 
ferent mechanisms at play in the variety of systems re- 
ferred above. The differences are mainly the dimension- 
ality of the system and of the order parameter, the nature 
of the ordered ground state (magnetic LRO or spin-glass 
order) and the q-dependence of the spin dynamics. Here 
we will only focus on the energy dependence at the vec- 
tor of instability or at any vector for the systems with- 
out correlations. An alternate expression, better suited 
for the following discussion, of the fluctuation-dissipation 
theorem (1) is : 



X"(q,c.)=^[S(q,c.)-S(q, -c.)]. 



(6) 



The formula (1) is derived from this more general ex- 
pression (6) by using the detailed balance principle for 
centrosymetric systems (q reversal) : 



5(q,c.) = e"/^5(q, -o 



(7) 



For UCu5-^Pd^ {x=l) [40| and Sci-^^U^Pda (x=0.35) 
4l|, it is reported that S'(q, w) is independent of temper- 
ature. As a consequence, the main temperature comes 
from the thermal population factor, so that lo/T scal- 
ing is de-facto obtained for x^''{(\,uj). If furthermore 
S{(\,uj) oc the Kramers Kronig relation implies 

that Xbuik cx that could correspond to marginal 

Fermi liquid since this will be observed in a wide tem- 
perature range, accordingly to the behaviour of S'(q, cj). 
The same " T-independent 5'(q, w)" scenario is realized in 
Ce(Rho.8Pdo.2)Sb [H] and (Ceo.7Tho.3)RhSb [13]. Given 
equation (6), it is quite surprising that the temperature 
dependences of ^(q, lo) and x" (q, lo) are so different. All 



TABLE II: Different exponents /3q of the temperature de- 
pendence of the relaxation rate r(q, T) obtained for several 
CeRu2X2-based systems (X=Si,Ge) at their respective QCP 
for the wavevector of instability (first three lines) and for 
CeRu2Si2 away from the wavevector of instability (last two 
lines) . 



Compound 


Exponent /3q 


T-range of analysis 


Reference 


Ce(Ruo.97Rho.o3)2Si2 
Ce(Ruo.24Feo.76)2Ge2 

Ceo.925Lao.075Ru2Si2 


1.5 
1 

0.8 


1.5 K <T< 8 K 
1.9 K <T< 200 K 
5 K <r< 80 K 


Ref.[25] 
Ref.*[39] 
Ref.[18] 


CeRuzSia 
CeRu2Si2 


0.5 
0.6 


10 K <r< 200 K 
22 K <T< 80 K 


Ref.[51j 
Ref.[37] 



With non Lorentzian lineshape data analysis 



the more textbook example of fluctuations process indi- 
cates that it is rather x" (Q: ^) that does not need to 
depend on temperature while 5'(q, w) does The 
profond physical meaning of the collapse of the data in 
5(q, w) for uj> in a T-independent way and to which 
extend this is peculiar to some class of QCP needs to be 
tighten. 

At opposite, in the cases of CeCug and CeRu2Si2 based 
compounds, as well as for the Cu02 based systems re- 
cently investigated 44 . |45 1 . both S'(q, cj) and x"(q, t^) are 
temperature dependent (See Fig. 2 of [3] and Fig. 5 of 
the present paper). For CeRu2Si2-based compounds, if 
only data with uj> 5 meV are considered, ^(q, w) is in- 
dependent of T (See Fig. 5) as for the cases treated in the 
previous paragraph. However substantial T dependence 
occurs at low energy. In the case of CeCue, scaling is 
even made either on ^(q, w) [22] or x"(qi^) [SIj with 
the same physical conclusions on the exponents. In these 
two compounds, thermal population factor is thus not 
the main origin of the scaling as in the former systems. 



COMPARISON BETWEEN CERU2SI2-BASED 
SYSTEMS 

While doping Ce with La or Ru with Rh, start- 
ing from CeRu2Si2, or doping Ru with Fe, starting 
from CeRu2Ge2, (the relation between CeRu2Si2 and 
CeRu2Ge2 is for exemple given in Ref.Q) is expected 
to give similar results at first approximation, data re- 
ported in the literature are quite different [Il,[2^ 25, 3^. 
One reason is that the temperature ranges considered are 
different, as well as the data analysis procedures. Also 
the role of disorder must be taken into account since 
for a given system like Ce(Rui -.rRh^)2Si 9 , d ifferent be- 
haviours were evidenced between small a;[49| (CeRu2Si2 
side) and large x[5Cl] (CeRh2Si2 side). For a clean sys- 
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tern, in the paramagnetic phase around the QCP, the 
relaxation is expected to follow a Fermi-liquid law below 
Ti : r(k, T)=r(k, 0)+a^/r^. Above T//, a T3/2 law is ex- 
pected contrarily to the naive expectation of T linear re- 
laxation due to the fact that the system lies above its up- 
per critical dimension (intermediate behavior is expected 
between T/ and T//). At higher temperature, Kondo 
relaxation is well known to occur with a characteristic 
y/{T) law 51 , 111 . However the influence of the line Tk is 
not taken into account in the theories of itinerant QCP. In 
the local scenario of QCP^], it has even been proposed 
that the reconstruction of the Fermi surface will push Tk 
to zero. All these compounds have rather similar Kondo 
temperature 15-20 K except for Ce(Ruo.24Feo.76)2Ge2 for 
which Tk—5 K[39]. This could explain the linear temper- 
ature law found in this compound in the same line than 
for CeCue-based system, for which Tx=3 K. The first 
relaxation regime below T/ was never evidenced to our 
knowledge certainly because already for pure CeRu2Si2, 
T/ « 1 K. The second regime is well investigated by Kad- 
owaki et al. on Rh-doped samples 25|. Scaling pro- 
cedure, that aims to evidence large temperature depen- 
dence, smears out this regime. Thus, one simple expla- 
nation for the ® or T behavior observed respectively 
for La-doped sample [l^ and Fe-doped sample [s^, is to 
consider this as a crossover between the T^/^ regime and 
y/Jr) regime. Table 2 summerizes the different regimes 
experimentally evidenced for CeRu2Si2-based systems. 
Certainly, the temperature exponent is higher when data 
are taken at lower temperature in a small range and it 
decreases when the temperature window increases in the 
high temperature side. Beyond the differences in charac- 
teristic energy scales Tk and in the temperature window 
of investigation of the dynamical spin susceptibility, the 
sample quality must be taken into account. To this re- 
spect, the residual resistivity is a good criterion. While it 
is of the order of 5-10 /lilcm for Cen Q9r;Lan n79»;Ru9Si9[l6l| 
and CefRun QvRhn 0-^)9819 (53.]. higher values of 50-75 are 
found for CefRun 9/iFen 7fil9Ge9[54|. Such differences 
could also be at the origin of the different behaviour at 
the QCP of these compounds. In the limit of strong dis- 
order, Griffith phases may occur with stronger effect at 
the QCP as for classical phase transition [55*1. As concern 
the spin dynamics, strong disorder could lead to distri- 
bution of relaxation rates with different possible models 
characterized by non-Lorentzian lineshape [H^ . 



CONCLUSION 

The study of CeRu2Si2 based compounds clearly un- 
derlines the role of the Kondo effect in the relaxation 
spectrum at the QCP. This is mainly shown by the spec- 
tral weight dominated by Kondo q-independent fluctu- 
ations and by the sublinear relaxation rate obtained at 
high temperature. In the present paper, importance of 



the Kondo effect for the statics is also pointed out, given 
a mechanism for strong reduction of the static moment. 
The saturation of the relaxation rate at the QCP and the 
recurent presence of tiny ordered moment have at present 
unknown origin. The overall study of Cei_a;Laa;Ru2Si2 
stresses on the need to compare different x to pinpoint 
the peculiarity of the behavior at the critical concentra- 
tion. Moreover the publication of bare data as well as 
analysis of single spectra is highly desirable. This would 
allow to get round the main difficulty of the topic that 
lies in the fact that each group analyses its own data 
with different procedures, making a global comparison 
between several samples extremely difficult. 

The work of Pr. Lohneysen group on CeCug-ajAua, 
strongly stimulated us to perform a continuous experi- 
mental program on Cei_2;La2;Ru2Si2 over two decades. 
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